Abstract-In this article, a compact ultra-wideband (UWB) band-pass filter (BPF) with wide upper stopband is presented. The filter is designed with a UWB response from 3.2 GHz to 10.8 GHz with low insertion loss of 0.9 dB and less than 0.19 dB at the center frequency (6.67 GHz). The filter is also designed with a broad upper stopband with high rejection level of 20 dB. The group delay is flat with maximum of 0.4 ns. The proposed UWB filter is constructed by using a pair of parallel coupled lines and two ring resonators. In this design, the ring resonators provide two new excited modes to widen the desired UWB passband and also create two tunable transmission zeros to achieve a wide stopband. Good agreement is observed between simulated and measured performances of the UWB filter.
INTRODUCTION
There is an increasing development of UWB technology since the authorization of the unlicensed use of 3.1 to 10.6 GHz for ultra-wideband (UWB) communications by the Federal Communications Commission (FCC) [1] . Much attention has been paid to UWB BPF, serving as a key component in the UWB system, by many researchers. Designing a UWB filter with wide passband, small size, low insertion loss and wide upper stopband is still a challenging task. In recent years, many filters have been developed in various ways. For example, using multiple-mode resonators (MMR) [2] [3] [4] [5] [6] , using stub-loaded structures [7] , using cascaded structures [8] [9] [10] , and using composite right/left-handed structures [11] . In a previous work [12] , a UWB filter is developed by using a pair of coupled lines and two open stubs. The response has a wide upper stopband and good selectivity. However, the bandwidth is not wide enough to satisfy UWB standard. And in another previous work [13] , a UWB filter is developed by using two rectangular stub resonators to suppress the spurious passband, replacing the open stubs in [12] . The filter in [13] shows improved result in upper stopband as well as in passband bandwidth.
In this paper, a UWB bandpass filter is designed with high return loss (RL) in the passband and a broad stopband outside of the passband. The response was achieved by using a pair of parallel-coupled line and two ring resonators. The bandstop characteristics of the ring resonator is analyzed based on transversal signal-interaction concepts. It is verified that the ring resonators can not only provide two novel excited modes to improve UWB response but also provide two tunable transmission zeros to form a wide stopband. The result shows that this design is competitive compared with previous works.
DESIGN OF THE ULTRA-WIDEBAND BANDPASS FILTER
The geometry of the proposed UWB filter is shown in Figure 1 . The filter consists of a pair of parallelcoupled lines and two ring resonators. The filter is fabricated on an Arlon Diclad 800 TM substrate (ε r = 2.2, δ = 0.0009, thickness = 0.787 mm). Figure 2 shows the geometry and response of the parallel-coupled lines. As shown in Figure 2 (a), the parallel-coupled lines consist of two parallel microstrip lines with electrical length θ c and even-and odd-mode characteristic impedances Z 0o and Z 0e . S 21 can be expressed in terms of odd-and even-mode impedances Z 0o and Z 0e as [14] :
Design of a Pair of Parallel-Coupled Lines
Eq. (1) shows the relationship among Z 0o , Z 0e , θ c and S 21 . The physical length of the parallel-coupled lines (Lc) can be chosen as 8 mm, which is a quarter-wavelength at 6.7 GHz, the center frequency of the desired UWB passband. In addition, an impedance ratio of odd-and even-mode impedances is defined as k = Z 0e /Z 0o . Figure 2 (b) shows the simulated response of the proposed parallel-coupled lines with different ratios of odd-and even-mode impedances (k) when the physical width of the lines is 0.1 mm (Z 0o = 83 Ohm). It is obvious that there are two resonant frequencies (f r1 , f r2 ) in UWB passband. As k grows, f r1 and f r2 shift to a lower and higher frequencies, respectively, leading to a wider passband bandwidth. Therefore, to make the passband as wide as possible, the physical width of the gap (S) should be small enough and is determined to be 0.1 mm (Z 0e = 281 Ohm, Z 0o = 83 Ohm). Two transmission zeros at 14 GHz and 27.7 GHz are observed. Nevertheless, the structure only provides two modes (f r1 , f r2 ) at 4.9 GHz and 9.3 GHz, respectively, resulting in a narrow passband bandwidth. Moreover, the two resonant frequencies outside the passband result in an unwanted spurious passband with center frequency at 21.3 GHz. Therefore, this structure needs to be improved.
Design of a Ring Resonator

Design of the Ring Resonators Based on the Stopband Response
In this design, two ring resonators, connected to each side of the parallel-coupled lines, are used to form the upper stopband. The length ratio of the lower part and upper part of the ring resonator is 1 : 3. The geometry of a ring resonator is shown in Figure 3 (a). The equivalent circuit of the ring resonator based on transversal signal-interaction concepts is demonstrated in Figure 3 (b). The ring resonator has two paths, the upper and lower paths, with characteristic impedance and electrical length at (Z 1 , 3θ) and (Z 2 , θ), respectively. When θ = 90 • , stopband can be achieved because of the phase difference of 180 • between the two paths [15] . The stopband performance of the ring resonator can be further analysed by using Y matrix. Its Y matrix can be expressed as:
where, θ is the electrical length of the lower path.
The relationship between transmission response and Y matrix can be expressed as:
Therefore, the ring resonator's |S 21 | can be found:
By letting |S 21 | = 0, two transmission zeros are obtained:
where
. ε e is the effective dielectric constant of the microstrip line, and c is the speed of the light. Eqs. (5) and (6) show the relationship between the two transmission zeros (f z1 , f z2 ) and characteristic impedances of the two paths Z 1 and Z 2 . In this design, the physical width of the lower path (W 2 ) is chosen as 0.1 mm (Z 2 = 170 Ohm), and the physical length of the lower path (L r ) is chosen as 3.4 mm, which is a quarter-wavelength at 18 GHz, the center frequency of the stopband. Based on Eqs. (5) and (6), the positions of f z1 and f z2 , with different Z 1 when Z 2 = 170 Ohm, are demonstrated in Figure 3(c) . It can been seen from Eqs. (5), (6) and Figure 3 (c) that as the ratio of Z 1 /Z 2 increases, f z1 and f z2 shift to a lower and higher frequencies, respectively. To achieve a wide stopband, the 
Analysis of Passband Response
The ring resonators designed in Subsection 2.2.1 can also improve the passband performance. Figure 4 shows the geometry of a ring resonator and its equivalent circuit model. The admittances and electrical lengths of the lower and upper parts of the ring are defined as (Y 1 , 2θ) and (Y 2 , 6θ), respectively. Thus, the input admittances of odd-mode (Y ino ) and even-mode (Y ine ) are derived [12] :
The transfer response can be expressed in terms of Y ine and Y ino [14] :
Obviously, based on Eqs. (7), (8) and (9) Figure 5 shows how the ring resonators designed in Subsection 2.2.1 provide two new modes in the passband of the UWB filter. The two excited modes therefore are at 4.6 GHz and 8.1 GHz, respectively. In addition, because of the new modes, the original two modes (f r1 , f r2 ) provided by parallel-coupled lines shift to higher frequencies at 6.4 GHz and 9.4 GHz, respectively.
RESULTS AND DISCUSSIONS
According to the above analysis and design process, the complete structure shown in Figure 1 is simulated and measured. The UWB BPF is fabricated on a low loss Arlon Diclad 880 substrate (ε r = 2.2, δ = 0.0009, thickness = 0.787 mm). Table 1 shows the comparison between this work and the previous works, indicating that this design is competitive. Ref.
Size (mm × mm) FBW(%) Passband Return Loss (dB) Stopband (GHz) [7] 19 × 14 107.7 12 Narrow [8] 65 × 8 112 > 11 11-20 [9] 10 × 44 98 13 12.6-26.9 [13] 8. 
CONCLUSION
In this paper, a quadruple-mode UWB BPF with a wide passband, high passband return loss and wide upper stopband is presented. A parallel-coupled line structure is analyzed to have a comparatively narrow UWB passband with two resonant modes and an unwanted spurious passband. Then two ring resonators are introduced, which not only provide two new modes to enhance the UWB response, but also create a pair of transmission zeros to form a wide stopband. Transmission zeros are controlled by the impedance of the upper and lower paths of the ring resonators. As shown in Table 1 , compared with previous works, the final UWB filter structure has good passband performance, broad stopband region and compact size.
